Objective: The objective of the study was to investigate the effect of strength and endurance training on muscle fiber membrane properties and discharge rates of low-threshold motor units of the vasti muscles during fatiguing contractions. Methods: Twenty-five sedentary healthy men (age (mean T SD) = 26.3 T 3.9 yr) were randomly assigned to one of three groups: strength training, endurance training, or a control group. Conventional endurance and strength training was performed 3 dIwk j1 , during a period of 6 wk. Motor unit conduction velocity and EMG amplitude of the vastus medialis obliquus and lateralis muscles and biceps femoris were measured during sustained isometric knee extensions at 10% and 30% of the maximum voluntary contraction before and immediately after training. Results: After 6 wk of training, the reduction in motor unit conduction velocity during the sustained contractions at 30% of the maximum voluntary force occurred at slower rates compared with baseline (P G 0.05). However, the rate of decrease was lower after endurance training compared with strength training (P G 0.01). For all groups, motor unit discharge rates declined during the sustained contraction (P G 0.001), and their trend was not altered by training. In addition, the biceps femoris-vasti coactivation ratio declined after the endurance training. Conclusions: Short-term strength and endurance training induces alterations of the electrophysiological membrane properties of the muscle fiber. In particular, endurance training lowers the rate of decline of motor unit conduction velocity during sustained contractions more than strength training.
I mpairment of neuromuscular function develops gradually during submaximal fatiguing contractions (8, 15) . Although voluntary effort is progressively increased, task failure will eventually occur even if muscles have not been fully activated (8, 9, 15) . The etiology of such impairment is complex and can occur at any site ranging from the cortex to the actin-myosin cross bridges (15) . The site of the impairment depends on the task being performed, resulting in different times to failure (9, 15) . Furthermore, the subject's training background will affect the endurance time limit (16, 36) .
Several cross-sectional studies have shown that during submaximal sustained contractions, power-trained athletes have lower times to task failure, reaching exhaustion earlier than endurance-trained athletes (6, 36) . Likewise, after submaximal fatiguing exercise, power-trained athletes show a greater decline in maximal isometric force of the knee extensors than endurance-trained athletes (16, 21, 24) , which is accompanied by a greater decline in peak twitch torque (16) and in conduction velocity (37) but not in changes in the EMG activity pattern of the vasti muscles (16, 37) . These studies suggests that the distinct neuromuscular fatigue profiles between power-and endurance-trained athletes are mostly due to differences at the peripheral level, in particular, the muscle fiber composition (6, 24, 36, 37) . The percentage of slowtwitch fibers in the skeletal muscle is positively correlated with endurance time (21) , which explains longer times to task failure for the endurance-trained athletes. However, longitudinal studies show that as few as three sessions of practice of a sustained submaximal isometric contraction of the elbow flexors enable sedentary subjects to prolong their time to exhaustion (22, 38) . This was accompanied by a lower rate of increase in agonist activity (22) and reduced antagonist inhibition during the prolonged sustained task (38) . Therefore, mechanisms other than those occurring at the periphery contribute to an increase in time to failure.
A recent study of our group (40) showed that 6 wk of endurance training results in prolonged time to task failure, which is accompanied by a decrease of motor unit discharge rates during brief submaximal contractions. On the contrary, the strength training group showed increased discharge rates during the brief contractions, and both training programs induced similar increments in surface EMG amplitude and muscle fiber conduction velocity in unfatigued muscles. Although neuromuscular adaptations observed in nonfatigued muscles may contribute to differences in time to failure, it is the time course of changes in peripheral and/or central mechanisms that will dictate task failure. Nonetheless, the traininginduced adjustments in the neuromuscular system when fatigue progressively develops during submaximal contractions are not well understood (16) . Therefore, the purpose of this study was to investigate the effects of a short-term endurance and a strength training program on the time course of the muscle fiber membrane properties and firing rates of low-threshold motor units of the vastus medialis obliquus and lateralis muscles during prolonged isometric contractions.
METHODS

Subjects
Thirty healthy men (age (mean T SD) = 26.0 T 3.8 yr) with no history of lower limb disorders participated in the study. None of the subjects were involved in regular strength or endurance training. All subjects gave their informed consent to the procedures of the study. The study was conducted in accordance with the Declaration of Helsinki and approved by the local ethics committee (N-20090032). After the first experimental session (pretraining session), the subjects were randomly assigned to one of three groups: strength training (n = 10), endurance training (n = 10), or a control group (no exercise intervention) (n = 10). Not all subjects completed the training program. One subject from the strength group and two subjects from the control group did not complete the final experimental session and were excluded from the analysis. In addition, because of technical problems during session 1, the data collected from two subjects (one from each training group) could not be used. Thus, the results are presented for eight subjects in the strength group (age = 25.8 T 4.2 yr, height = 184.0 T 6.9 cm, weight = 82.5 T 14.3 kg), nine subjects in the endurance group (age = 25.8 T 2.8 yr, height = 180.9 T 6.5 cm, weight = 78.9 T 15.0 kg), and eight subjects in the control group (age = 27.0 T 5.0 yr, height = 175.3 T 3.4 cm, weight = 78.0 T 13.0 kg).
Training Programs
The training regimens have been described in detail previously (40) . Briefly, endurance or strength training was performed during 6 wk for a total of 18 sessions. All training sessions were supervised by an investigator of the study. Endurance training was performed on a bicycle ergometer, and the exercise intensity was prescribed on the basis of the percent of the HR reserve according to the Karvonen method (23) . During the training period, the load intensity ranged between 50% and 70% of the HR reserve, and the duration of the sessions ranged between 20 and 50 min. The strength training involved three bilateral leg exercises (leg press, leg extension, and leg curl). The subjects trained with loads of 60%-85% of the one-repetition maximum and performed three to four sets of 8-15 repetitions. For both training programs, the load intensity was applied progressively during the training period.
Procedure
The subjects attended two laboratory sessions, immediately before (session 1, week 0) and after completion of the 6-wk training period (session 2, week 6). For each laboratory session, the subject was comfortably seated on an isokinetic dynamometer (KinCom dynamometer; Chattanooga, TN) with his trunk reclined to 15-in an adjustable chair and hip and distal thigh firmly strapped to the chair. The rotational axis of the dynamometer was visually aligned with the lateral femoral epicondyle. The right leg was secured to the dynamometer's attachment above the lateral malleolus with the knee at 90-of flexion. Progressive maximal voluntary contractions (MVCs) of the knee extensors were measured twice, with a 2-min rest in between. The maximum of the two force measures was used as a reference for the definition of the submaximal force levels. In both experimental sessions, the submaximal forces were relative to the MVC measured during the same session. Subjects were then asked to maintain a constant isometric contraction at 10% MVC for 70 s. This duration was proven in previous studies to be sufficient for eliciting changes in muscle fiber conduction velocity in the vasti muscles (19) . Subjects were provided with online visual feedback of the force exerted, which was displayed on an oscilloscope. The knee extensor force was represented by a bold horizontal line parallel to the target line. Across target forces, the vertical gain on the oscilloscope screen was adjusted to keep the target line approximately in the same position. After 15 min of rest, the subjects performed an isometric knee extension at 30% MVC maintaining the force for as long as possible (endurance task). Time to task failure was defined as a drop in force greater than 5% of the target force level for more than 5 s, after strong verbal encouragement to the subject to maintain the target force. During all submaximal contractions, knee extension force and intramuscular and surface EMG signals were recorded concurrently.
EMG Recordings
Surface EMG. After skin preparation (shaving, abrasion, and cleaning with water), two adhesive linear arrays of eight electrodes (5 Â 1 mm in size, 5-mm interelectrode; Spes Medica, Salerno, Italy) were placed on the vastus lateralis and vastus medialis obliquus, and a pair of surface Ag-AgCl electrodes (Ambu Neuroline, Copenhagen, Denmark; conductive area = 28 mm 2 ) were placed on the biceps femoris (BF). The arrays of electrodes were located between the innervation zone and the distal tendon, along the direction of the muscle fibers (19) . The tendon regions, innervation zones, and propagation of the detected motor unit action potentials were identified during preliminary brief knee extensions. For this purpose, a linear array of eight equispaced silver electrodes (LISiN-OT Bioelettronica, Torino, Italy) was used and oriented to observe a clear propagation of the detected motor unit action potentials from the innervation zone to the tendon region, as described previously (10, 28) . For the BF muscle, the electrodes were placed according to Hermens et al. (20) . A ground electrode was placed around the right ankle. Surface EMG signals were amplified as bipolar derivations (EMG amplifier; LISiN-OT Bioelettronica), bandpass filtered (j3-dB bandwidth, 10-500 Hz), sampled at 2048 samples per second, and converted to digital data by a 12-bit analog-to-digital converter board.
Intramuscular EMG. Two pairs of wire electrodes (50-Km diameter) made of Teflon-coated stainless steel (A-M Systems, Carlsborg, WA) were inserted with a 23-gauge needle, 10-20 mm proximal to the surface electrode arrays (10) . The wires were uninsulated for È1 mm at the tip to detect intramuscular EMG signals. The angle of insertion of the needle was È45-, and the depth was a few millimeters below the muscle fascia. The needles were removed after insertion, and the wire electrodes were left inside the muscle. Intramuscular EMG signals were amplified as bipolar derivations (Counterpoint EMG; Dantec Medical, Skovlunde, Denmark), bandpass filtered (500 Hz-4 kHz), sampled at 10,000 Hz, and stored after 12-bit analog-to-digital conversion.
Subcutaneous Fat Layer Thickness
Estimation of motor unit conduction velocity is affected by the thickness of the subcutaneous fat layer (11) . With training, this factor can be altered resulting in changes of the motor unit conduction velocity. Thus, the subcutaneous tissue thickness of the subjects participating in the training programs was assessed before and after training by ultrasound B-mode imaging (Acuson XP 180; Mountain View, CA). The probe (10 MHz, linear 38 mm) was placed both proximal and distal to the location of the array electrodes, and the thickness was measured between the dermis of the skin and fascia.
Signal Analysis
Motor unit conduction velocity and average rectified value were calculated in two intervals of 10-s duration. For both isometric contractions (at 10% and 30% MVC), the first interval (T 1 ) was defined at the beginning (from 0 to 10 s) of the contraction, and the second interval (T 2 ) corresponds to the time after 1 min of the sustained contraction (from 60 to 70 s).
For the contraction at 30% MVC sustained until task failure, two additional intervals of 10 s were used to analyze the average rectified value. These intervals were set 10 s before 50% and before 100% of the time to task failure (designated as T 3 and T 4 , respectively). Motor unit conduction velocity was not estimated for these additional intervals because the intramuscular signal became progressively more interferential, making it difficult to accurately track the same motor units over time.
The time course of the average rectified value of the vastus lateralis and vastus medialis obliquus, over different time intervals (T 2 , T 3 , and T 4 ), was calculated by subtracting the values of the respective interval (T 2 , T 3 , and T 4 ) from the initial values (T 1 ). The time course of motor unit conduction velocity and motor unit discharge rates were estimated only for the time interval T 2 .
Decomposition of intramuscular signals and motor unit conduction velocity estimation. The recorded intramuscular signals were decomposed into the constituent motor unit action potentials by a decomposition algorithm previously validated (29) . Unusually short (G20 ms) or long (9200 ms) time intervals between subsequent detected discharges of the individual motor units were manually reanalyzed and corrected when necessary. For both sustained contractions, only the motor units that were active during T 1 and T 2 were used to compute the motor unit conduction velocity. The mean discharge rate (pulses per second (pps)) and interspike interval variability were computed from the motor unit spike trains. Conduction velocity of the individual motor units was estimated from the averaged multichannel surface potentials by a spike-triggered average technique previously described (10) . Briefly, the detected times of occurrence of individual motor unit action potentials in the intramuscular signals were used as trigger for averaging the multichannel surface EMG signals from which a multichannel maximum likelihood method was used to estimate motor unit conduction velocity (13) . A minimum of 70 triggers were used for each motor unit in each of the time intervals analyzed. A window of 50 ms centered on the time instant of detected motor unit action potentials was used for the average of the surface signals. To reduce the effects of the nonpropagating components, double differential signals (obtained by subtracting two adjacent single differential signals) were used for the estimation. The channels used for the conduction velocity estimation were manually selected. Only the channels showing similar propagating motor unit action potentials were accepted for analysis. For each experimental session, the same channels were selected for all motor units recorded from the same subject.
Surface EMG amplitude. The average rectified value was estimated from the same channels used for motor unit conduction velocity estimation. For each time interval, the average rectified value was estimated in consecutive nonoverlapping epochs of 1 s and then averaged. The level of coactivation was quantified by computing the ratio between the antagonist and agonist (average across both vasti muscles) EMG signals.
Statistical Analysis
The effects of the training programs on the average rectified value of the vastus lateralis, vastus medialis obliquus, http://www.acsm-msse.org and BF and the motor unit conduction velocity and motor unit discharge rates of the vastus lateralis and vastus medialis obliquus were evaluated with four-way repeated-measures ANOVA with group (control, endurance, and strength), training period (weeks 0 and 6), time intervals ((T 1 , T 2 , T 3 , and T 4 ) or (T 1 and T 2 )), and muscle (vastus lateralis and vastus medialis obliquus) as factors. The effects of training on the time course of motor unit conduction velocity and discharge rates of the vastus lateralis and vastus medialis obliquus over time were assessed with three-way repeated-measure ANOVA with group, training period, and muscle as factors. In addition, changes in the time course of the vasti average rectified value were assessed with a four-way repeated-measures ANOVA with group, training period, time intervals, and muscle as factors. A two-way repeated-measure ANOVA with group and training period as factors was applied to assess changes in the MVC, time to task failure, and subcutaneous tissue thickness. Before conducting each repeated-measure ANOVA, the normality and equality of covariance matrices were tested. Because of the sample size and because few cells of some dependent variables violated the normality assumption, the Pillai trace omnibus statistic was used in preference to the Wilks L (39). In addition, the Mauchly sphericity test was computed, and when the sphericity assumption was violated, a Greenhouse-Geisser adjustment was made. When ANOVA was significant, the post hoc Student-Newman-Keuls test for pairwise comparisons was applied. Statistical significance was designated at P G 0.05 for all comparisons. Results are reported as means and SD in the text and as mean and SE in the figures.
RESULTS
No differences were observed between groups for age, height, and weight. Moreover, no differences were observed between the groups for any of the motor output or electrophysiological parameters assessed in the first experimental session (before training).
Before training, the thickness of the subcutaneous tissue was 5.1 T 1.7 and 5.2 T 1.6 mm for the endurance and strength groups, respectively (average of the distal and proximal measures obtained for the lateral and medial sides of the leg). After 6 wk of training, the subcutaneous tissue thickness remained unchanged (endurance group = 5.2 T 1.6 mm, strength group = 5.3 T 1.7 mm, P 9 0.56, for each group).
Motor output. After 6 wk of endurance training, time to task failure increased by 29.2% T 13.7% (from 119.7 T 33.8 to 154.3 T 42.2 s, P G 0.05), but no significant changes were observed in MVC (from 525.1 T 98.9 to 500.4 T 92.3 N). In contrast, strength training induced an increase in the MVC force by 16.8% T 8% (from 520.1 T112.1 to 603.7 T 111.2 N, P G 0.05) but did not influence time to task failure (from 159.8 T 46.9 to 170.9 T 74.4 s). None of the motor output parameters changed in the control group (MVC = from 549.5 T 68.5 to 554.4 T 47.2 N, time to task failure = from 128.8 T 69.1 to 123.7 T 73.3 s).
Motor unit behavior. The alterations induced by the training programs showed similar trends for the vastus lateralis and vastus medialis obliquus muscles. Because no interactions between muscle and time were observed (P 9 0.51, for all variables), the results presented in the figures correspond to the average of both vasti muscles.
From all sessions, a total of 820 motor units were identified in T 1 , and only 536 motor units could be tracked in T 2 . The motor unit conduction velocity was computed only for the motor units that could be identified in both time intervals. The number of motor units identified for each subject in each experimental session ranged between 1 and 7 at each force level and for each muscle (average = 2.7 motor units in each condition).
The discharge rate of the detected motor units decreased over time, in particular, at 30% MVC (P G 0.001). After 60 s of sustained contraction at 30% MVC, the discharge rate of vasti motor units decreased between 0.6 T 0.2 and 1.1 T 0.3 pps (Fig. 1) . The decline of the discharge rate over time was not influenced by any of the training programs (interaction between group and time, P 9 0.60; Fig. 1 ).
Motor unit conduction velocity. Figure 2 shows the motor unit conduction velocity for the vasti muscles during the submaximal isometric contractions.
The motor unit conduction velocity values at the beginning of the contractions were dependent on the force level and training period. At 30% MVC, the initial motor unit conduction velocity was 74.0% T 10.2% higher than at 10% MVC (P G 0.001). The effect of the training programs was only observed at the higher force level (Fig. 2) . After 6 wk of endurance and strength training, the initial motor unit conduction velocity of the vasti muscles increased by 10.3% T 8.8% and 11.1% T 10.0%, respectively, whereas no changes were observed for the control group (Fig. 2) . FIGURE 1-Mean T SE for the decline of the discharge rates of motor units of the vasti muscles (average of vastus medialis obliquus and vastus lateralis) recruited at the onset of the sustained knee extension contractions at 10% and 30% MVC for all groups, before and after training.
Motor unit conduction velocity decreased during the sustained contractions. The decline in motor unit conduction velocity over time was load and training dependent (P G 0.05; Fig. 3) . At 30% MVC, the decline was greater (j5.3% T 2.3%) than at 10% MVC (j3.4% T 1.9%).
At 30% MVC, the reduction in motor unit conduction velocity over time was lower after both training programs (Fig. 3) . Nonetheless, for the sustained contraction at 30% MVC, the endurance group showed a lower decline in motor unit conduction velocity than the strength group (P G 0.01; Fig. 3) . No alterations were observed in the control group.
Surface EMG amplitude. Figure 4 shows the EMG amplitude of the vasti muscles during the submaximal contractions for all groups, over each experimental session. After both training programs, the average rectified value of the vasti muscles increased in all time intervals analyzed for the contraction at 30% MVC (interaction between time, interval, and group: P G 0.05; Fig. 4B, C) , whereas no changes were observed in the control group (Fig. 4A) .
The average rectified value of the vasti muscles increased progressively throughout the endurance task (main effect interval, P G 0.0001). For all groups, at the end of the endurance task, the average rectified value of the vasti was 49.2% T 22.9% to 66.1% T 17.2% higher than at the beginning of the contraction (Fig. 5) . No interaction between group and time was observed for the rate of increase of the vasti average rectified value (P = 0.09, G p 2 = 0.14 and observed power = 0.58) (Fig. 5) .
The EMG amplitude of BF also increased progressively throughout the sustained contractions (interval effect P G 0.001, for both isometric contractions) and was influenced by both training programs (interaction group Â time Â interval, P G 0.001; Fig. 6 ). After endurance training, the average rectified value of the BF was lower than before training, in particular, during the time intervals T 2 and T 3 (P G 0.01 for both time intervals; Fig. 6B ). In contrast, after strength training, the average rectified value of the BF increased, particularly during the last two time intervals (P G 0.01 and P G 0.001 for T 3 and T 4 , respectively; Fig. 6C ).
The alterations in both the agonist and antagonist muscle activity observed after endurance training influenced the coactivation ratio. After 6 wk of endurance training, the level of coactivation was reduced by 36.8% T 22.3% (P G 0.05). No changes in the coactivation were found for the strength or control group (P 9 0.80, for both groups).
DISCUSSION
The purpose of the study was to investigate the effects of distinct training programs on the time course of the muscle fiber membrane properties of low-threshold motor units and EMG activity of the vasti muscles during submaximal fatiguing contractions. The main finding is that, after 6 wk of either endurance or strength training, the rate of decline over time of the motor unit conduction velocity was reduced, mostly for the endurance group. In addition, the BF-vasti coactivation ratio decreased, after endurance training.
Motor Performance
Six weeks of endurance and strength training induced specific changes in motor performance. Endurance training improved time to task failure with no changes in MVC, FIGURE 2-Mean T SE for the initial values of motor unit conduction velocity of the vasti muscles at 10% MVC (A) and 30% MVC (B), for all groups, before and after training. *P G 0.05 from week 0 to week 6. **P G 0.001 from week 0 to week 6. FIGURE 3-Mean T SE for the decline in motor unit conduction velocity in the vasti muscles (average of vastus medialis obliquus and vastus lateralis) during sustained knee extension contractions at 10% and 30% of MVC for all groups, before and after training. *P G 0.05 from week 0 to week 6. **P G 0.001 from week 0 to week 6. †Decline in motor unit conduction velocity after training was lower for the endurance than for the strength group (P G 0.01).
http://www.acsm-msse.org whereas strength training enhanced MVC and did not affect time to task failure.
Electrophysiological Variables during Sustained Submaximal Contractions
Time course of motor unit conduction velocity. Changes of the peripheral neuromuscular system induced by fatiguing contractions can be detected by investigating changes in motor unit conduction velocity (12) . During the sustained submaximal contractions, the motor unit conduction velocity decreased likely because of alterations of the sarcolemmal excitability (25) . The generation of action potentials induces cellular K + efflux and Na + and Cl j influx, causing perturbations in the intracellular and extracellular K + and Na + gradient concentrations (31). These alterations depolarize the sarcolemmal and t-tubular membranes, which reduce membrane excitability (7, 25) . The loss of membrane excitability is partly counteracted by the Na + -K + pump activity, which, however, is not sufficient to fully balance the K + efflux (7, 33) . Thus, during sustained contractions, the velocity of propagation of the action potential decreases, even at very low force levels (33) . In addition, with continued muscle contraction, an increase in the concentration of H + ions can occur, contributing to the change in membrane excitability (15) .
This study showed that the rate of decline of motor unit conduction velocity during sustained contractions was slower after 6 wk of either endurance or strength training with respect to baseline. Although both groups showed similar adaptations, the decline in motor unit conduction velocity was reduced to a greater extent after endurance training. The observed alterations may reflect changes in the Na + -K + pump concentration (content and/or activity). The Na + -K + pump is a determinant for the regulation of the Na + -K + distribution and maintenance of membrane excitability during muscle contractions (30, 33) . Thus, an upregulation of pump concentration would prolong the balance of Na + -K + concentration gradients, protecting the muscle contractibility against fatigue (7, 31) . It has been shown that regular physical activity of moderate to high intensities increases the Na + -K + pump concentration, independently of the type of training (7). Increased Na + -K + pump concentration has been observed after endurance training (17) , strength training (17) , and sprint training (32) . Nevertheless, the time course of this adaptation may differ between different types of training. Green et al. (17) demonstrated that after 3 wk of high-volume cycling (2 h, six times per week), the Na + -K + pump concentration increased significantly in the vastus lateralis muscle, whereas 7 wk of strength training (three leg exercises, three times per week) was required to induce similar adaptations. The adaptation of the Na + -K + pump concentration is associated with contractile activity and with a concomitant upregulation of oxidative metabolism (17, 18) , which may explain the faster adaptations after endurance training compared with strength training. Different time courses of the Na + -K + pump adaptation may explain the differences in the rate of decline of motor unit conduction velocity between the endurance and strength groups in the present study. Furthermore, such adaptation of the Na + -K + pump enables fast conduction of the action potentials (7), which may have contributed toward the higher initial motor unit conduction velocity values after both training programs.
Alterations of the conduction velocity may also be due to other training effects, such as an increase in the diameter of the muscle fibers (2) or reduction in the thickness of the fat layer beneath the surface electrodes (11) . However, an increase in muscle fiber diameter is typically induced by strength training, not endurance training, which may even reduce fiber diameter (26) . Alterations in subcutaneous tissue thickness can also be ruled out because the thickness of tissue beneath the electrode arrays was not affected by either training program.
Conduction velocity is also influenced by changes in motor unit discharge rates (12, 34) . However, in the present study, the initial motor unit conduction velocity values showed a similar increment after both training programs, despite opposite adjustments in the initial mean discharge rates. Thus, it is unlikely that the changes observed in motor unit conduction velocity after training are due to changes in motor unit discharge rates.
Time course of the EMG amplitude. During the endurance task at 30% MVC, the activity of the vasti muscles increased progressively reaching approximately twofold the initial values by the end of the task, independently of the group or training period. The progressive increment of the EMG amplitude reflects an increase of the excitation of the motoneuron pool (3, 14) . As fatigue develops, recruitment of additional motor units occurs to compensate for the reduction of the force-generating capacity of the initially recruited motor units (15) . Concomitantly, the motor unit discharge rates may remain constant, increase, or decrease (1,5); however, typically, motor units recruited at the beginning of the task will reduce their discharge rate over a sustained contraction (1, 3) . In the present study, the surface EMG amplitude of the vasti muscles increased, whereas the discharge rates of the initially recruited motor units decreased significantly after 60 s of the sustained contraction. These data suggest that the submaximal force level was maintained because of recruitment of additional motor units, which is in accordance with previous studies (3, 5) . Both the rate of decline in discharge rate of the initial active motor units and the rate of increase of the EMG amplitude were not significantly affected by either training program. Nevertheless, it has been shown that a short interval of practice of a fatiguing sustained contraction improves the endurance time and reduces the rate of increase of the EMG activity of the agonist muscles (22, 38) . Despite the nonlinear summation of the motor unit action potentials in the EMG signal (13) , this might indicate that after endurance training, the recruitment of the motoneuron pool occurred at slower rates than before training, contributing to a longer endurance time (22) .
Endurance training induces various physiological adaptations, such as increased Na + -K + pump activity and increased energy metabolic potential (7, 17) , which leads to a slower rate of increase of metabolic by-products during sustained contractions. Afferent feedback on muscle milieu is provided by intramuscular receptors, particularly by group III-IV muscle afferents. These afferents are sensitive to metabolic by-products of the muscle contraction, such as an increase in the extracellular potassium (4) . The discharge of these afferents in response to such stimuli acts in a complex manner over several points of the pathways responsible for force production (15) . Their activity contributes to a compression of the recruitment thresholds of the high threshold motoneurons (27) , which would lead to recruitment of additional motor units but with lower firing rates in generating the target force level (4) . Therefore, a slower rate of increase of metabolic by-products of the contraction would presumably account for a slower rate of increase of the discharge rates of the group III-IV afferents and, consequently, a slower recruitment of the motoneuron pool over the sustained contraction. Such alterations would contribute to increased endurance time after training.
Other mechanisms may also account for improvements in the endurance capacity during sustained contractions (9, 22) . In the present study, the coactivation of the BF was lower after endurance training, whereas it did not change after strength training. Some cross-sectional studies report a lower coactivation ratio in endurance-trained athletes compared with power athletes (35) ; however, others report no difference (16) during unfatigued contractions. During dynamic fatiguing exercise, the coactivation of the hamstring muscles increases in power-trained athletes but not in endurance-trained athletes, whereas during isometric contractions, no change was reported for either group (16) . Whereas the results from cross-sectional studies are inconsistent, a longitudinal study showed that reduced antagonist inhibition was associated to increased time to task failure (38) . Thus, reduced coactivation may have also contributed to the increased endurance time observed for the endurance group in this study.
CONCLUSIONS
The rate of decline of motor unit conduction velocity during sustained contractions was reduced after 6 wk of both endurance and strength training; however, a greater reduction is observed after endurance training. In addition, endurance training reduces the level of coactivation between the vasti and BF during sustained contractions of knee extension. These alterations likely contribute to longer times to task failure after endurance training.
